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Single nucleotide polymorphismGenome-wide mapping of nucleosomes and histone modiﬁcations revealed meaningful patterns. Despite ad-
vances in resolving the associations between chromatin and transcription, quantitative chromatin dynamics
have not been well deﬁned. We quantitatively determined differences in histone modiﬁcations, nucleosome
positions, DNA methylation, and transcription factor binding in highly expressed and repressed genes in
human CD4+ T cells. We showed that the ﬁrst (−1) nucleosome upstream of the transcription start site
(TSS) is shifted to the 5′ direction, thus forming a broad nucleosome-free region (NFR) near the TSS in highly
expressed genes in CD4+ T cells. Moreover, the transcription factor YY1 and histone acetyltransferases bind the
NFRwith high afﬁnity.Most of histone acetylations drastically increase in transcription activation (>5 folds).We
also suggested that single nucleotide polymorphisms (SNPs) occur at a much lower frequency in highly
expressed genes than in repressed genes. Our analysis quantitatively revealed details of chromatin dynamics.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Chromatin structure is deeply affected by nucleosome positioning
and various epigenetic modiﬁcations and is closely correlated with
transcription. Chromatin structure dynamically changes in gene regu-
latory regions. Genome-wide mapping of nucleosomes and histone
modiﬁcations revealed some key patterns in a variety of cell types
[1]. In the vicinity of the transcription start site (TSS), there is a
nucleosome-free (depleted) region (NFR or NDR) ﬂanked by two
well-positioned nucleosomes that often contain the histone variant
H2A.Z [2]. In human CD4+ T cells, the ﬁrst (+1) nucleosome down-
stream of the TSS exhibits a differential pattern in active and silent
genes. H2A.Z-containing and modiﬁed nucleosomes are preferentially
lost from the ﬁrst (−1) nucleosome position upstream of TSS [3]. In
yeast, the size of theNFRvaries, and expressed genes tend to have larger
NFRs than unexpressed ones [4]. Histone acetylation (ac), H3 lysine 4
dimethylation (H3K4me2), and H3K4me3 are associated with active
promoters [1,5–9]. Repressed genes are marked with H3K9me2/3,
H3K27me3, and DNA methylation [6–9]. Bivalent modiﬁcations carry-
ing tri-methylations of both H3K4 and H3K27 were revealed at
development-related promoters in embryonic stem cells [10]. Tran-
scribed regions enrich H3K36me3 [11]. A combinatorial signature ofrights reserved.H3K4me3, which is enriched at promoters, and H3K36me3, which
covers the transcribed region, was used to identify novel non-coding
RNAs [12]. The models involving H3K4me3 and H3K79me1 are the
most predictive of the expression levels in low CpG content promoters,
whereas high CpG content promoters require H3K27ac and H4K20me1
[13]. A study in both cancer cells and stem cells reported that H3K4me1,
H3K4me3, and H3K27ac at promoters are generally cell-type invariant,
whereas those modiﬁcations at enhancers are cell type-speciﬁc [14].
The combinatorial patterns of epigenetic modiﬁcations can deﬁne the
distinct chromatin states [15]. Chromatin structure was also suggested
in genetic variation [16].
Despite the quickly advancing revelations of the associations
between chromatin and transcription, a quantitative comparison of
epigenetic modiﬁcations has not been performed in expressed
genes and repressed genes. We are interested in the extent to
which the change in the density of a speciﬁc chromatin mark causes
productive transcription.
In this paper, we quantitatively determined the differences in
histone modiﬁcations, nucleosome positions, DNA methylation, and
transcription factor binding in highly expressed genes and repressed
genes. Instead of choosing genes by sorting expression levels, we
used housekeeping genes (HKGs) and tissue-speciﬁc genes (TSGs)
to represent the highly expressed genes and the repressed genes,
respectively. HKGs are compact in gene structure and are ubiquitously
expressed in all tissues [17,18]. Moreover, their high expression is not
due to the redundancy of gene copies [18]. Most TSGs are silent or
114 H. Liu et al. / Genomics 101 (2013) 113–119expressed at low levels, and only a small fraction of them are expressed
in a speciﬁc tissue. Thus, the average expression level of TSGs is low
[17]. We also examined genetic variations in the two types of genes
and their associations with epigenetic factors. Our analysis provided a
quantitative comparison and revealed some interesting details about
chromatin dynamics.
2. Materials and methods
2.1. Datasets
Lists of 1522 HKGs and 975 TSGs were retrieved from the literature
[17]. Only the genes that could be uniquely mapped to probe identiﬁers
of the Affymetrix Human Genome U133A Array were used, resulting in a
list of 1352 HKGs and 858 TSGs. The genomic coordinates of TSSs of the
genes were retrieved through “Tables” function from Genome Browser
(http://genome.ucsc.edu) of the University of California, Santa Cruz
(UCSC) (NCBI36/hg18). Expression data in CD4+T cellswas downloaded
fromGene ExpressionOmnibus (GEO) of NCBI (accession no. GSE10437)
[3]. It contains raw expression values of two replicates for each state of
cell (resting and activated). In using, the expression values were aver-
aged over two replicates. In order to compare epigenetic patterns
between HKGs and CD4+ T cell-speciﬁc highly expressed genes, ﬁrstly,
top 1000 highly expressed genes and top 1000 lowly expressed genes
were selected by sorting gene expression in resting and activated
CD4+ T cells, respectively, resulting in 4 sets of genes lists. Then, HKGs
and TSGs are excluded from the 4 sets of genes lists (Table 1).
The coordinates of ChIP-Seq tags were taken from genome-wide
studies of the distributions of 20 histone methylations, one H2A.Z
histone variant, Pol II [6], 18 histone acetylations in CD4+ T cells [9],
and nucleosomes in both resting and activated CD4+ T cells [3]. Data
of the DNA methylation levels (the mean methylation percentages) at
the promoter (−1 kbp to +0.6 kbp relative to TSS) and gene body in
naïve CD4+ T cells were retrieved from GEO of NCBI (accession no.
GSM871287) [19]. Datasets recording the binding locations of 5 histone
acetyltransferases (HATs) and 4 histone deacetylases (HDACs) in CD4+
T cellswere retrieved from the literature (accession no. GSE15735) [20].
Data for the binding sites of the transcription factor YY1 were retrieved
from GEO (accession no. GSM630810) [21].
Datasets of single nucleotide polymorphism (SNP), insertion (In),
deletion (Del), and insertion–deletion (In-del) were downloaded
through “Tables” function of Genome Browser of UCSC (NCBI36/hg18,
SNP130). Only the veriﬁed data was used.
2.2. Chromatin mark proﬁles of histone modiﬁcations, nucleosome
positioning, and binding of transcription factors (TFs) around TSSs
For each type of chromatin mark (histone modiﬁcations, nucleo-
somes, Pol II, CTCF), the number of sequencing tags was counted at
every genomic location in a 4 k bp region surrounding the TSS. The pro-
cess was carried out on both positive and negative strands, thus
resulting in two proﬁles of marks. The two proﬁles were then aligned
by oppositely moving with an appropriate shift so that the Euler
distance between the corresponding parts of the two proﬁles was
minimized (the shift value for each type of chromatin mark was
shown in Table s1). The two proﬁles were then summed at everyTable 1
Amount of HKGs and TSGs that overlap with the CD4+ T cell-speciﬁc highly and lowly expr
highly and lowly expressed genes lists. Fisher's exact test suggests the proportions of both
Top 1000 highly expressed gene (HKGs, TSGs) Top 1000 low
In resting CD4+ T cells 1000 (181, 4) 1000 (21, 34
In activated CD4+ T cells 1000 (189, 1) 1000 (23, 28corresponding location to generate a ﬁnal proﬁle. For quantitative com-
parisons, the proﬁles for HKGs and TSGs were averaged by dividing by
the number of HKGs and TSGs, respectively. The coordinates of the
nucleosome tags were extended to 146 bp in the 3′ direction prior to
proﬁling, and the shift was limited at 73 bp. For TF YY1, 5 HATs (P300,
CBP, PCAF, Tip60, andMOF) and 4 HDACs (HDAC1/2/3/6), their binding
proﬁles were generated in 4 k bp regions around TSSs using the coordi-
nates of ChIP-Seq tags [20,21].
We called these proﬁles of histone modiﬁcations, nucleosome posi-
tions, and TF binding sites “chromatin mark proﬁles.” Similarly, chro-
matin mark proﬁles were also computed for the CD4+ T cell-speciﬁc
highly expressed genes (Table 1).
2.3. Density proﬁles of SNPs, Dels, and In-dels
Density proﬁles of SNPs, Dels, and In-dels were calculated by
counting the total number of each variation that occurred at every ge-
nomic location in a 4 k bp region around TSSs.
2.4. Comparisons of chromatin mark proﬁles in highly and lowly expressed
genes (HKGs and TSGs)
The proﬁles for nucleosomes, CTCF, Pol II, and 38 histonemodiﬁca-
tions were clustered using a k-means algorithm. Parameter k in the
algorithm was estimated by choosing representative proﬁles by
comparing proﬁle shapes in HKGs. Firstly, proﬁles of H3K4me3,
H3K79me3, H3K27me1, H3R2me2, H3K9me1, nucleosome and Pol II
were chosen, so initial k is 7. Then after the ﬁrst clustering, the cluster
number was manually adjusted so as to make it more reasonable. At
last, proﬁles for nucleosome and Pol II were set as a single cluster,
respectively. The clustering proﬁles were summed to gain an average
proﬁle. Pearson correlation coefﬁcients (PCC) were used to estimate
the correlations between the proﬁles. The Wilcoxon rank sum test
was used to evaluate the difference between any two proﬁles.
Fold changes of the proﬁles of histone modiﬁcations in HKGs and
TSGs were examined at the −1 nucleosome, in the NFR, at the +1
and +2 nucleosomes, and in a range of−1 kbp to +0.6 kbp regions
around the TSS. For the−1, +1, and +2 nucleosomes, the density of
histone marks was counted in a 147 bp region surrounding nucleo-
some dyad. Fold changes of the histone modiﬁcations were repre-
sented by ratios of counts in HKGs to counts in TSGs.
3. Results and discussion
3.1. Highly expressed geneswere associatedwith a broader nucleosome-free
region in the vicinity of the TSS
Averagely, the expression level of HKGs is high and that of TSGs is
low. In both resting and activated CD4+ T cells, as expected, the expres-
sion levels of HKGs are higher than that of TSGs (p=4.0×10−232,
t-test) (Fig. 1), indicating that the two groups of genes indeed represent
highly and lowly expressed genes and can be used in further analysis.
HKGs have a higher GC content than TSGs (t-test, p=1.5×10−12)
(Fig. s1). The proﬁles of nucleosome marks in HKGs show a similar
shape regardless of the resting or activated cell states (Fig. 2A). For
TSGs, the proﬁles also match in resting and activated cells, especiallyessed genes. In proﬁling chromatin marks, both HKGs and TSGs are excluded from the
HKGs and TSGs are signiﬁcantly different in the highly and lowly expressed genes.
ly expressed gene (HKGs, TSGs) p-value of Fisher's exact test
HKGs in the highly and
lowly expressed genes
TSGs in the highly and
lowly expressed genes
) 1.0×10−35 1.0×10−6
) 1.0×10−36 1.0×10−7
Fig. 1. Gene expression levels of HKGs and TSGs in both resting and activated CD4+ T
cells. The distributions of the logarithm of mRNA levels in both resting and activated
CD4+ T cells are shown. The difference between these distributions was tested by a
two-sample t-test. The mean mRNA levels of HKGs and TSGs are 1698.2 and 63.1 in
resting CD4+ T cells.
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nucleosomes have stable positions even when the cell states change.
Wemanually measured nucleosomes positions by searching peaks
in the nucleosome proﬁles in Fig. 2A. The +1 nucleosome is well po-
sitioned at +135±4 bp downstream of TSSs in both HKGs and TSGs.
In Zhao et al.'s study [3], the +1 nucleosome exhibited differential
positioning in active and silent genes. However, in our result, only
the tag density (the normalized tag count) increased ~20%, and the
position did not signiﬁcantly change (variation b8/147=6%). The di-
vergence was probably caused by the different methods that wereFig. 2. Proﬁles of nucleosomes near TSSs for genes with different expression levels in both r
CD4+ T cell-speciﬁc highly and lowly expressed genes (see Table 1). Arrows indicate the dused to choose contrasting genes. In a “barrier” model [22,23], the
+1 nucleosome serves as a “barrier” and is involved in forming
uniform positioning downstream of the TSS. In our study, the spacing
of neighbor nucleosomes varied from 180 to 200 bp. Because the +1
nucleosome was consistently aligned relative to the TSS, we speculat-
ed that the +1 nucleosome associated with the site of transcription
initiation.
Signiﬁcantly, the ﬁrst (−1) nucleosome upstream of TSS showed
differential positioning. In TSGs, it positions at −110 bp, while in
HKGs, it shifts to−200 bp upstream of the TSS (Fig. 2A). Considering
the +1 nucleosome well positions at ~+135 bp downstream of TSSs
in both HKGs and TSGs, we inferred that the NFR in HKG was 90 bp
(200−110) broader than that in TSGs.
We then asked if the broader NFR in HKGs is also in the CD4+ T
cell-speciﬁc highly expressed genes. Using the highly expressed
genes selected by ranking expression data (see Part 2.1, Table 1),
we tested the speculation. Results indicate that the highly expressed
genes also show a broader NFR near TSSs than the lowly expressed
genes (Fig. 2B). In resting T cells, dyad of the +1 nucleosome is
at ~+135 bp in both types of genes. Of the−1 nucleosome, the dyad
is at −100 bp in the lowly expressed genes, while it is at−175 bp in
the highly expressed genes, suggesting a broad NFR (Fig. 2B). In the ac-
tivated cells, the result is similar. This is consistent with the ﬁnding that
a broad NFR at promoter regions correlates with high expression of
genes in yeast [4]. Also, it was found during differentiation of hemato-
poietic stem cells, a longer nucleosome linker region was generated by
shifting the ﬂanking nucleosomes away at enhancer GATA1 sites [23].
The tags density of the−1 nucleosome shows a comparable level
between HKGs and TSGs in both resting cells (p=0.31, Wilcoxon
rank sum test) and activated cells (p=0.39) (Fig. 2A). But it is differ-
ent between the T cell-speciﬁc highly and lowly expressed genesesting and activated CD4+ T cells; subplot A is for HKGs and TSGs; subplot B is for the
yad positions of nucleosomes.
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not be generalized to the CD4+ T cell-speciﬁc highly and lowly
expressed genes.
Zhao et al. suggested that the deposition of histone variant H2A.Z
or modiﬁcation by H3K4me3 may facilitate nucleosome eviction or
repositioning in the −1 nucleosome region [3]. We calculated the
fractions of H2A.Z-containing nucleosome by dividing the tag density
of H2A.Z by that of the nucleosome at the dyad of the−1 nucleosome
(Fig. s2). Result indicates 68% and 61% of nucleosomes contains H2A.Z
variant in HKGs and the CD4+ T cell-speciﬁc highly expressed genes,
respectively, whereas only 9% of nucleosomes in TSGs contain H2A.Z
(Fig. s2). Also, the level of H3K4me3 at the −1 nucleosome shows a
7-fold increase in HKGs compared to TSGs. These results are consis-
tent with Zhao et al.'s ﬁndings [3].
Taken together, both HKGs and the CD4+ T cell-speciﬁc highly
expressed genes show a broad NFR near TSS. The broad NFR is essen-
tial for transcription. In the process of activating a repressed gene, the
−1 nucleosome probably undergoes a shift to upstream (5’), thus
resulting a broad NFR.
3.2. Patterns of chromatin marks
We clustered 42 proﬁles of chromatin marks using k-means algo-
rithm. The proﬁles for HKGs exhibit obvious patterns (Fig. 3). The
proﬁle of each type of chromatin mark is shown in Fig. s2. Histone
acetylation, variant H2A.Z, and H3K4me3 have similar proﬁles andFig. 3. Clustering of 42 chromatin mark proﬁles for HKGs with k-means algorithm (left). The
the middle indicate each of the subgroups, and proﬁles for both nucleosome and Pol II arecluster together (red line in Fig. 3). These marks are involved in tran-
scription activation [5–7,9]. The average proﬁle of the marks drops
near the TSS, well corresponding to the NFR, and peaks at the −1
and +1 nucleosomes, and then drastically decreases to the back-
ground level in a 1.5 k bp region ﬂanking the TSS. The similarity of
these proﬁles was also evidenced by the high correlation coefﬁcients
between the proﬁles (average coefﬁcient >0.788) (Fig. s3). This also
suggests that the active chromatin marks tend to co-occur to form a
combinatorial pattern [24,25].
The proﬁle of Pol II peaks at +40 bp, which is close to the +1 nu-
cleosome. The proﬁles of H3K79me1/2/3 and H3K36me3 show low
levels upstream of the TSS, and the levels sharply increase down-
stream of the+3 nucleosome. H3K36me3 is a hallmark of transcribed
regions and is used to identify the TSS [11,12]. Here, we suggested
that methylation of H3K79 also can be an indicator of gene coding
regions. Enrichment of H4K20me1and H2BK5me1 is observed down-
stream of the +3 nucleosome. H3K27me3 and H3K9me3 are associ-
ated with heterochromatin [5–7,9]. Repressive histone modiﬁcations
cluster into two subgroups (blue line and yellow line in Fig. 3) that
include H3K4me1/2, H3K27me1/2, H3K9me1, and H3R2me2. These
modiﬁcations are depleted in a broad range from 0.5 kbp upstream
to 0.8 kbp downstream of the TSS.
Moreover, we proﬁled the histone modiﬁcations tags near TSSs for
the resting CD4+ T cell-speciﬁc highly expressed genes (see middle
column in Fig. s2) and computed the correlation coefﬁcients of the
proﬁles between HKGs and the highly expressed genes (Fig. s4).average proﬁles of subgroups are shown (right). The colored vertical lines and arrows in
shown separately.
Fig. 4. Fold changes of HKG compared to TSG in levels of chromatin marks at the−1, +1, and +2 nucleosomes, in the NFR, and in a region spanning−1 kbp to +0.6 kbp of the TSS.
For HKGs, the centre positions of −1 nucleosome, the NFR, +1 and +2 nucleosomes are at −200, 12, 135 and 315 bp, respectively; for TSGs, they are at −110, −2, 135 and
315 bp, respectively.
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ﬁcients are more than 0.80 (Fig. s4), indicating that the highly
expressed genes and HKGs share the similar epigenetic patterns.
In TSGs, partly due to the low density of tags, a clear clustering
map was not observed for proﬁles of chromatin marks (Fig. s5). The
marks do not show an obvious enriched distribution. The repressive
modiﬁcations accumulate near the TSS. Interestingly, Pol II in TSGs
shows a peak at −580 bp upstream of the TSS.
3.3. HKGs enrich most of the histone modiﬁcation marks
We quantitatively determined the fold changes in enrichment of the
chromatin marks at the−1, +1, and+2 nucleosomes, in the NFR, and
in the range from −1 k bp to +0.6 kbp relative to the TSS in HKGs
and TSGs (Fig. 4). Compared with changes in histone methylation,
histone acetylation is drastically changed between HKGs and TSGs,
which is consistentwith the literature [6]. For some types of acetylation,
such as H3K27, H2AK5, and H4K91, acetylation levels are 10 folds
greater in HKGs than in TSGs. It is exceptional to note that H3K14ac
remains nearly constant in the region between the −1 and +1
nucleosomes.
TheH3K4me2/3, H3K79me1/2/3, H3K27ac, H4K20me1, andH2BK5ac
modiﬁcations were suggested to be the most predictive of gene expres-
sion [11,13,26]. In our quantitative analysis, the modiﬁcations except
acetylation of H3K27 and H2BK5 showed a small fold change (b5). The
modiﬁcations with a low fold change are more sensitive in predicting
expression level than those with large changes. Taking H3K79me and
H3K27ac as examples, every twofold increase in H3K79me at the+1 nu-
cleosome means a 27 folds increase in gene expression (Figs. 1 and 4),
whereas H3K27ac needs to increase 20 folds to reach the same increase
in gene expression. From this view, a model involving modiﬁcations of
H3K4me2/3, H3K79me1/2/3, and H4K20me1 will have a better capacityof predicting gene expression level than a model using H3K27ac
and H2BK5ac. In order to verify the hypothesis, the expression
levels of 1027 genes of human chromosome 6 were linearly
regressed with H3K79me1 and H3K27ac tags density at the +1
nucleosome, respectively (Fig. s6). Result indicated the regres-
sion with H3K79me1 showed a better performance (log10(mRNA
level)=2.5346+11.0188×H3K79me1tag_density, p=5.14×10−9
(F-test)). H2BK5ac levels changed by more than 25 folds; this
modiﬁcation was suggested in highly expressed promoters [9,20].
It was reported that pericentromeres enrich H3R2me2, H4K20me3,
and H4R3me2 [27]. In our analysis, the levels of argininemethylation
(H3R2 and H4R3) remained nearly constant, possibly suggesting
that H3R2me2 and H4R3me2 do not have roles in transcription.
Repressive H3K9me2/3 and H3K27me2/3 also exhibited small
changes of less than 2 folds. Considering the similar epigenetic pat-
terns between the resting cell-speciﬁc highly expressed genes and
HKGs (Figs. s2 and s4), we conclude that both HKGs and the highly
expressed genes enrich histone acetylations and some types of his-
tone methylations.3.4. DNA methylation highly accumulates at promoters of TSGs
We also compared the levels of DNA methylation (the mean
methylation percentages) in HKGs and TSGs. At promoters of HKGs,
less than 27.6% of DNA was methylated, while at promoters of TSGs,
over 51.9% of DNA was methylated (Fig. 5), showing a signiﬁcant ac-
cumulation (p=1.0×10−9, t-test) in TSGs. In contrast, the levels of
DNA methylation of the gene body in HKGs and TSGs are 45% and
43%, respectively, which are not signiﬁcantly different (p=0.31,
t-test) (Fig. 5). This result indicates that DNA methylation accumu-
lates at lowly expressed promoters.
Fig. 5. DNA methylation levels (the mean methylation percentages) in promoters and
gene bodies of HKGs and TSGs, the signiﬁcance of difference is tested by two-sample
t-test, the bar on the pillar indicates standard error of mean.
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near the TSS
As shown in Fig. 2, both the CD4+ T cell-speciﬁc highly expressed
gene and HKG are characterized by a broad NFR in the vicinity of TSS.
We were interested in learning which TFs bind in the NFR. First, we
examined binding data for the TF YY1, a ubiquitous transcription factor
[21]. Cuddapah et al. identiﬁed that the binding sites of YY1 colocalized
with a high mobility group protein (HMGN1) [21]. We found that the
binding sites of YY1 are signiﬁcantly concentrated in the broad NFR of
both HKGs and the highly expressed genes (Fig. 6A). Then, consideringFig. 6. Binding proﬁles of transcription factor YY1 and histone acetyltransferases at promo
H, HDAC2; I, HDAC3; J, HDAC6; black lines indicate the proﬁles for the resting CD4+ T cell-that HATs associate with histone acetylations and accounts for the high
acetylation level at promoters of HKGs (Fig. 4), we examined the proﬁle
of HAT binding sites. Wang et al. revealed that HATs and HDACs are
both targeted to transcribed regions of active genes by phosphorylated
RNA Pol II [20]. We further found that proﬁles for the binding sites of
HATs (encoded by the genes EP300, CREBBP, KAT2B, KAT5 and KAT8)
(Figs. 6B–F) and HDACs (HDAC1,HDAC2 and HDAC3) (Figs. 6G–I) were
signiﬁcantly high in the region corresponding to the NFR in both HKGs
and the CD4+ T cell-speciﬁc highly expressed genes. In contrast, their
binding sites in TSGswere very limited and scattered across a large region
(Fig. 6). Because of this, we speculated that YY1 plays a role in recruiting
the HATs. The increased width of the NFR in highly expressed genes was
related to the binding of both YY1 andHATs. However,whether the broad
NFR is a consequence or a cause of binding of YY1 and HATs remains
unknown.
3.6. Highly expressed genes associate with low SNP density
Transcription is coupled with DNA repair [16,28], and chromatin
structure plays roles in transcription. Highly expressed genes have a
greater opportunity to repair DNA damage. Therefore, we hypothesized
that the frequency of genetic variation in a genewas correlatedwith the
gene's expression and thus was affected by chromatin structure. In
order to validate this hypothesis, we determined the frequency of
SNPs in a 4 kbp region surrounding the TSS. As expected, SNPs occur
at a much lower frequency in highly expressed genes than in repressed
genes (p=6.1×10−37, Wilcoxon rank sum test) (Figs. 7A and s7),
suggesting that the highly transcribed genes can efﬁciently repair
DNA damage.ters of HKGs and TSGs. A, YY1; B, CBP, C, P300; D, PCAF; E, MOF; F, Tip60; G, HDAC1;
speciﬁc highly expressed genes.
Fig. 7. Frequency of genetic variations in HKGs and TSGs; shown are boxplots of genetic
variation frequency in HKGs and TSGs, A, SNP; B, In-Del; C, Del; p-value is from
Wilcoxon rank sum test.
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tendency (Figs. 7B and C and s7). Then, we examined the correlation be-
tween histone modiﬁcations and the frequency of variation (Table s2).
The frequency of SNPs negatively correlates with histone acetylation,
H3K4me3, and H3K79me1, suggesting that the genomic region with the
histone modiﬁcations is not prone to accumulating nucleotide variations.4. Conclusion
We quantitatively determined the differences of chromatin marks
between highly expressed genes and repressed genes. We revealed
that the NFR near TSSs of highly expressed genes was broader than
the NFR near TSSs of repressed genes. The CD4+ T cell-speciﬁc highly
expressed genes and HKGs share the similar epigenetic patterns.
Interestingly, binding sites for the TF YY1 and HATs are enriched in
the NFR, suggesting a close relationship between the binding and
the repositioning of the ﬁrst nucleosome upstream of the TSS. Most
of histone acetylations associate with a productive transcription. In
addition, our analysis indicates that a model involving H3K4me2/3,
H3K79me1/2/3, and H4K20me1 will be more predictive of gene
expression than models involving H3K27ac and H2BK5ac. SNPs
occur at a much lower frequency in HKGs than in TSGs. Our analysis
quantitatively revealed details of chromatin dynamics.Acknowledgments
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